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OO 

O ' The recent observation at the Tevatron of Sf (uub and ddb) baryons 

within 2 MeV of the predicted S^ — A^ sphtting and of H^ (dsb) baryons 
k> ! at the Tevatron within a few MeV of predictions has provided strong con- 

^ I firmation for a theoretical approach based on modehng the color hyperfine 

interaction. The prediction of M(S^) = 5790 to 5800 MeV is reviewed 
and similar methods used to predict the masses of the excited states S^ 
and S^. The main source of uncertainty is the method used to estimate 
the mass difference m^ — m^ from known hadrons. We verify that correc- 
tions due to the details of the interquark potential and to Sfe-S'j, mixing 
are small. For S-wave qqb states we predict M{Qh) = 6052.1 ± 5.6 MeV, 
M{ni) = 6082.8 ± 5.6 MeV, and M(Sg) = 5786.7 ± 3.0 MeV. For states 
with one unit of orbital angular momentum between the b quark and the 
two hght quarks we predict M(A6[i/2]) = 5929 ± 2 MeV, M(Ab[3/2]) = 
5940 ± 2 MeV, M(Sfe[i/2]) = 6106 ± 4 MeV, and M{Eb[3/2]) = 6115 ± 4 
MeV. Results are compared with those of other recent approaches. 



PACS codes: 14.20.Mr, 12.40.Yx, 12.39. Jh, 11.30.Hw 



1 Introduction 

The first observed baryon with a b quark was the isospin-zero A;,, whose mass has 
recently been well-measured: M{Ab) = 5619.7±1.2±1.2 MeV [1]. Its quark content is 
Afe = bud, where the ud pair has spin and isospin S{ud) = I{ud) = 0. Now the CDF 
Collaboration has observed candidates for S^ and S^ [2] with masses consistent 
with predictions [31 H El El 13 El El lOl H]. DO and CDF have seen candidates for 
S^ = bsd [121 [13] ■ The more precise CDF mass lies close to a prediction based on 
careful accounting for wave function effects in the hyperfine interaction [T^ . 

The CDF sensitivity appears adequate to detect further heavy baryons. The S- 
wave levels of states containing bsu or bsd consist of the J = 1/2 states S^'~ and 
S'J, ' and the J = 3/2 states H^ ' . Additional baryonic states containing the b 
quark include Q^ = bss (J = 1/2), Q^ = bss (J = 3/2), and orbital excitations 
of Af, and other 6-flavored baryons. In this paper we predict the masses of these 
states and estimate the dependence of the predictions on the form of the interquark 
potential, extending a previous application to hyperfine splittings of known heavy 
hadrons [I5]. Two observations based on a study of the hadronic spectrum lead to 
improved predictions for the b baryons. The first is that the effective mass of the 
constituent quark depends on the spectator quarks [5], and the second is an effective 
supersymmetry |8| - a resemblance between mesons and baryons where the anti- 
quark is replaced by a diquark [16] . Parts of this article have appeared previously in 
preliminary form [131 [T7] . 

We review the predictions for S;, and S^ in Section 2, and discuss predictions for 
M (Sfe) in Section 3, starting with an extrapolation from MCEc) without correction 
for hyperfine (HF) interaction and then estimating this correction. In the H^ the 
light quarks are approximately in a state with S = 0, while another heavier state S'^ 
is expected in which the light quarks mainly have 5 = 1. There is also a state S^ 
expected with hght-quark spin 1 and total J = 3/2. Predictions for E'^ and El masses 
are discussed in Section 4. We estimate the effect of mixing between light-quark spins 
S = and 1 in Section 5, and isospin splittings of the Ei, family of states in Section 
6. Section 7 is devoted to predictions of M{Qb) and M{Ql), while Section 8 treats 
orbital excitations. Comparisons with other approaches are made in Section 9, while 
Section 10 summarizes. 

2 The ^b and S^^ states 

The S^ states consist of a light quark pair uu or dd (a "nonstrange diquark" ) with 
S = I = 1 coupled with the b quark to J = 1/2, while in the S^^ states the light 
quark pair and the b quark are coupled to J = 3/2. The corresponding ud pair in the 
Afe has S = I = 0. The experimental Sfe-At mass differences [2], 



M(Sft") - M{Ah) = 195.5+};!] (stat.) ± 0.1 (syst.) MeV 



M(Sj^) - M{Ab) = 188.0+|ij (stat.) ± 0.1 (syst.) MeV 

with isospin-averaged mass difference M(Sfe) — M(Afc) = 192 MeV, are to be compared 
with the prediction ^ M^^ - Ma, = 194 MeV. Note also: 

(1) The mass difference between spin-1 and spin-zero nonstrange diquarks governs 
the sphtting between the spin- weighted average [2M(E^) -|- M(Efe)]/3 and the A;,, 

"^'^-' + "^«'-M(A.) = (205.9 ±1.8) MeV. (2) 

o 

where we have used the averages of the differences for S^* . This should be the same 
as the corresponding quantity for charmed baryons, 

M(5£)±1M(S)_M(A.) = (210.0 ±0.5) MeV, (3) 

o 

and that for strange baryons, 

M(S) + 2M(S* 



M(A) = (205.1 ± 0.3) MeV , (4) 

o 

where the masses are from Ref. ^8], and an average over the S isospin multiplet is 
taken. In each case the dominant source of error is the mass of the Is = 0, J = 3/2 
state, S*+ or S*°. The agreement is quite satisfactory. 

(2) The charge-averaged hyperfine splitting between the J = 1/2 and J = 3/2 
states involving the spin-1 nonstrange diquark may be predicted from that for charmed 
particles: 

M(Sg) - M(S,) ^ m, ^ 1.5 GeV ^ 

M(S*) - M(Se) m, 4.9 GeV ' ^ ' 

where "constituent" quark masses are from Ref. [19j. Using isospin-averaged differ- 
ences M(SJ - M(AJ = (167.09 ± 0.13) MeV and M(S*) - M(A,) = (231.5 ± 0.8) 
MeV [H], we predict M(E^)-M(Eb) = 20.0±0.3 MeV. This agrees with the observed 
splitting (see Table [1]). 

In analyzing their data on S^ and S^ , the CDF Collaboration assumed equal 
mass splittings M(S^) — M(S^) and M(S^^) — M(S^^). This assumption was found 
to be valid within the experimental errors. In Ref. [7] a relation S^^ — S^i = 0.40 ±0.07 
MeV was proved between the A/ = 1 mass differences S;,i = M(S^) — M(S^) and 
S^i ^ M(S*+) - (S*-). 

3 Eb mass prediction 

In our model the mass of a hadron is given by the sum of the constituent quark masses 
plus the color-hyp erfine (HF) interactions: 

^r = ^^^(^(-^.)) (6) 



Table 1: Values of Q(*)± = M(S^*^^) - M{n^) - M{Ab) and M(S(*)±) [2]. 



Q^ OT Q* -Q Mass 

State (^^y,,,. (MeV) 

~^ 48.5+^:^+[;:^ ssor.st^:^ ± 1.7 

Sj" 55.9 ±1.0 ±0.2 5815.2 ±1.0 ±1.7 

V*+ 01 0+2.0+0.4 p-QOQ n+1-6+1.7 

E^' 5836.4 ±2.0tJ J 



where the rrii is the mass of the i'th constituent quark, cij its spin, Vij the distance 
between the quarks and v is the interaction strength. We shall neglect the mass 
differences between u and d constituent quarks, writing u to stand for either u or d. 
All the hadron masses (the ones used and the predictions) are for isospin-averaged 
baryons and are given in MeV. 

The s and u quarks in S^ [q standing for c or b) are assumed to be in relative spin 
and the total mass is given by the expression: 

^n = mg + nis + rriu (7) 

muiris 

The Sb mass can thus be predicted using the known Sc baryon mass as a starting 
point and adding the corrections due to mass differences and HF interactions: 

Sb = Sc + (mfc - mj (<^(r„J)=, - (5(r„,))H, (8) 

morris \ J 

The observed masses for the charmed-strange baryons Sc, S^, and S* are [18]: 

Sc = 2469.5 ± 0.5 MeV H;^ = 2577 ± 4 MeV S* = 2646.3 ± 1.8 MeV . (9) 

3.1 Constituent quark mass difference 

The mass difference {nib — ^t^c) can be obtained from experimental data using one of 
the following expressions: 

• We can simply take the difference of the masses of the A^ baryons, ignoring the 
differences in the HF interaction: 

mfc - mc = Afc - Ac = (3333.2 ± 1.2) MeV . (10) 

• We can use the spin averaged masses of the Ag and Eg baryons: 

/2S^ + Sfo + Af, 2S* + Sc + Ac\ /ooor, ^ I 1 ON IVT -ir /I 1 N 

mb-mc= — - — — = (3330.4 ± 1.8) MeV . (11) 



Table 2: Comparison between experimental data and predictions of the ratio of u and 
s contact probabilities in S and Sc (Eq. (^ 



{Sirus)hJ{Sirus)h 



Experimental data [18j 1.071 ± 0.069 



Linear 1.022 ± 0.072 

Coulomb 1.487 ±0.002 

Cornell 1.063 ±0.047 



• Since the Eg baryon has strangeness 1, it might be better to use masses of 
mesons with S = 1: 

m,-m,= ( ^^*s + Bs _ 3^:±^A ^ ^33246 ± 14) ^eV . (12) 

3.2 HF interaction correction 

The HF interaction correction can also be based on He baryon experimental data: 



mums\ J mums \{d[rus))=.c 

This expression requires the calculation of the 5 function expectation value using 3- 
body wavefunctions from a variational method [15] . One only needs the shape of the 
confining potential, as coupling constants cancel out in the ratio of the 5 function 
expectation values. The potentials considered here are the linear, Coulomb and Cor- 
nell (Coulomb ± linear) potentials. We also note results obtained without the HF 
corrections. For the Cornell potential we have an additional parameter determining 
the ratio between the strengths of the linear and Coulombic parts of the potential. In 
these calculations we used the parameters extracted in [20j from analysis of quarko- 
nium spectra (or K = 0.45 in the parametrization of [T5]). 

As a test case we compared the values obtained from experimental data and 
variational calculations for the ratio of contact probabilities in H and H^: 



6w(5(r„,))s, 

(14) 



2^* + ■^c ~ 3.=-c _ mums _ ('^(^ms))h 



2(H*-H) Qv{6irus))E {5{rus))E 



mums 



The results in Table |2] show good agreement between data and theoretical predictions 
using the Cornell potential. 



Table 3: Predictions for the S^ mass with various confining potentials and methods 
of obtaining the quark mass difference rub — rUc. 



mb-mc= Afo - Ac S^ - S^ Bs- Ds 

Eg. (dUD Eg. (dH) Eg. ^ 

No HP correction 5803 ± 2 5800 ± 2 5794 ± 2 

Linear 5801 ± 11 5798 ±11 5792 ± 11 

Coulomb 5778 ±2 5776 ± 2 5770 ± 2 

Cornell 5799 ± 7 5796 ± 7 5790 ± 7 



Table 4: Observations of S^ -^ J/ip'^ at the Permilab Tevatron. Errors on mass are 
(statistical, systematic). 



DO [12J CDP [13J 



Mass (MeV) 5774 ±11 ±15 5792.9 ± 2.5 ± 1.7 
Width (MeV) 37 ± 8 -14 

Significance 5.5cr 7.8o" 



3.3 Results 

The predictions for Mi^i,) under various assumptions about constituent guark mass 
differences and confinement potentials are given in Table [31 In Ref . [15] we find that 
the Coulomb potential leads to a very strong dependence on guark masses not seen 
in the data, so one should give these predictions less weight. Ignoring the Coulomb 
potential, one gets a prediction for M(S;,) in the range 5790-5800 MeV. 

The predictions of Table [3] were first presented in Ref. [13]. At that time we 
learned of the S^ observation in the J/^S~ decay mode by the DO Collaboration 
[T2] . Subseguently the CDP Collaboration released their very precise measurement of 
M(S^) in the same decay channel [13j. The reported masses, Gaussian widths (due 
to instrumental resolution), and significances of the signal are summarized in Table H] 
and in Pig. [TJ CDP also sees a significant H^ -^ '='c^^ signal with mass consistent 
with that found in the J /'iIj'E~ mode. 

The DO mass is consistent with all our predictions for the isospin-averaged mass, 
while that of CDP allows us to rule out the (previously disfavored p^) prediction 
based on the Coulomb potential. Both experiments also agree with a prediction in 
Ref. [3], M(Sb) = M(A6)±(182.7±5.0) MeV = (5802.4±5.3) MeV, where differences 
in wave function effects were not discussed and irih — rric was taken from baryons only. 
(Here we have updated the prediction of Ref. |4j using the recent CDP pj value of 
M(Ab).) In our work the optimal value of rrib — rric was obtained from Bg and Dg 
mesons which contain both heavy and strange guarks, as do Ef, and E^. See also 
Refs. [6] and J9J for compilations of earlier predictions for the S;, mass; we shall 
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Figure 1: Comparison of theoretical predictions and experimental results for the S^ 
mass from DO [l2] and CDF [13] (adapted from [21]). The theoretical predictions are 
denoted by the two horizontal bands, corresponding to Refs. [1] and [11], respectively. 



return to this question in Sec. 9. The dependence of nib — "^c obtained from B and 
D mesons upon the flavor of the spectator quark was noted in Ref. [5] where Table 
I shows that the value is the same for mesons and baryons not containing strange 
quarks but different when obtained from Bg and Dg mesons. 



4 S^, SJ, mass prediction 

4.1 Spin averaged mass {2EI + '^'b)/^ 

The s and u quarks of the H* and H^ baryons are assumed to be in a state of relative 
spin 1. We then find 



^1 



^1 






m,„,m. 



ruq + ms + mu + v\ 



-2(5(r,,)) , -2(5(v)) , (5(r„,)) 



2£. 

rnqTUs 



quj 

mqiriu 



+ 



munis 



(15) 



The spin-averaged mass of these two states can be expressed as 



22; + H' v{6{rus)) 

— ^- = niq + nis + niu ^ 

6 ni„m^ 



(16) 



Table 5: Predictions for the spin averaged S[, and S^ masses with various confining 
potentials and methods of obtaining the quark mass difference mh — rric- 



mb-mc= Ah - Ac S;, - S^ B^ - D 

Eq. ^ Eq. ^ Eq. (P 



No HP correction 5956 ± 3 5954 ± 3 5948 ± 3 

Linear 5957 ±4 5954 ± 4 5948 ± 4 

Coulomb 5965 ±3 5962 ± 3 5956 ± 3 

Cornell 5958 ± 3 5955 ± 3 5949 ± 3 



and as for the S^ case, the following prediction can be given: 

The predictions obtained using the same methods described above are given in Table 
[5l Here the effect of the HP correction is negligible, so the difference between the 
spin averaged mass (2S^ + S'{,)/3 and S;, is roughly 150 — 160 MeV. 

This mass difference will be small due to the large mass of the h quark: 

,^3/Wv))^(^W)^ (18) 

^ \ mqms rrigmu J 

We can once again use the S^ hadron masses: 



=1.1 - ^'fe V mi,ms mbniu J rric \ rriu 






(19) 



This expression is strongly dependent on the confinement model. In the results given 
in Table [6] we have used ms/rriu = 1.5 ± 0.1, mf,/mc = 2.95 ± 0.2. 

In the context of S^ and S^ masses it is worth mentioning two elegant relations 
among bottom baryons [22j which incorporate the effects of SU{3)f breaking: 

Sfc + fib - 2S', = , (20) 

(S* - S,) + (fi* - fi,) - 2(S* - S;) = , (21) 

where isospin averaging is implicit. 



Table 6: Predictions for M(E!^) — M(HJ,) with various confining potentials. 



"6 ^b 



No HF correction 24 ± 2 

Linear 28 ± 6 

Coulomb 36 ± 7 

Cornell 29 ± 6 



"f 



5 Effect of light-quark spin mixing on S^ and E 

In estimates up to this point we have assumed that the light-quark spins in S;, and 
S^ are purely S = and S = 1, respectively. The differing hyperfine interactions 
between the b quark and nonstrange or strange quarks leads to a small admixture of 
the opposite-S' state in each mass eigenstate [231 1211 [251 126]. The effective hyperfine 
Hamiltonian may be written [251 126] 



H, 



eff 



Mo + A((7„ ■ as + aau ■ ab + f3as ■ ab) 



(22) 



where Mq is the sum of spin independent terms, A ~ l/{muTns), a = iris/mb, and 
/3 = mu/rrib. The calculation of M3/2 is straightforward, as the expectation value of 
each (Tj ■ aj in the J = 3/2 state is 1. For the J = 1/2 states one has to diagonalize 
the 2x2 matrix 



Ml/2 



Mo - 3A X^/3(f3 - a) 

XV3{f3 -a) Mo + A(l -2a- 2/5) 



The eigenvalues of Hes are thus 



M3/2 = Mo + X{l + a + (3) , 
Mi/2,± = Mo + X[-{1 + a + p) 

± 2A(l + a^ + /32-a-/?-a/3)^/2 



In the absence of mixing {a = (3) one would have M3/2 
Mi/2,+ = Mo + A(l - 4a), and Mi/2,_ = Mo - 3A. 

To see the effect of mixing, we rewrite the expression for Mi/2,±5 



(23) 

(24) 

(25) 
Mo + A(l + 2a), 



Mi/2,± = Mo-X{\ + a + j3)±2X 



a + /5\ 3, ^,2 



1/2 



(26) 



The effect of the mixing is seen in the term |(a — /5)^. Expanding Mi/2,± to second 
order in small a — /?, we obtain 



. . N , X 3(a-/5)V4 
Mi/2,± ~ (terms without mixmg) ± A • ^777 

1 \CX ~r P)l^ 



(27) 



For ruu = 363 MeV, m, = 538 MeV, and rub = 4900 MeV ^ZTj, one has a ^ 0.11, 
P ~ 0.07, while the discussion in the previous section imphes A ~ 40 MeV [Eq. (IT^ ]. 
Hence the effect of mixing on our predictions is neghgible, amounting to ±0.04 MeV. 
Since we use the He and S'^ masses as input for S;,, it is also important to check 
the mixing effects on the former. Since mb/rric ~ 3, this amounts to changing in the 
expressions above a — > 3a, /3 — *■ 3/3. The corresponding effect of mixing on S^ and 






is ~ 0.5 MeV, still negligible. 



6 Isospin splittings of S^ states 



The S° mass is expected to be measured by the CDF collaboration through the 
channel S° —>■ S+7r~, where H+ — >• S~7r+7r+, E~ — ^ Avr", and A — >• p7i~ [21]. 

The source for the isospin splitting (A/) is the difference in the mass and charge 
of the u and d quarks. These differences affect the hadron mass in four ways |28j : 
they change the constituent quark masses (AM = m^ — r/iu), the Coulomb interaction 
{V^'^^), and the spin-dependent interactions - both magnetic and chromo-magnetic 
^yspmy Qj^g ^^^ obtain a prediction for the S^ isospin splitting by extrapolation 
from the S data, which has similar structure as far as EM interactions are concerned 
(note that for S^ there are no spin-dependent interactions between the heavy quark 
and the su diquark which is coupled to spin zero): 



AI{E' 



A/(: 



A/(S, 



AM + 



AM + 



AM + 



^rEM jiEM 
' ssd 



yEM _ yt 



yEM _ yEM 
ssd ssu 



K 



EM 
sd 



K 



EM 



+ 2 



-4 



yspm yspin 

ds us 



yspm yspin 

ds us 



yspm yspm 

ds us 



3.20 ±0.68 MeV (28) 



6.85 ±0.21 MeV (29) 



2A/(S*)±A/(S) A/(S)-A/( 



A/(S*)±5A/(; 
6 



6.24 ±0.21 MeV 



(30) 



With the observed value [l3] M{E^) = (5792.9 ± 2.5 ± 1.7) MeV (the error from the 
DO experiment is considerably larger [12]) and this estimate, we predict M(S°) = 
5786.7 ±3.0 MeV. 

Another option is to use Sc, which has the same spin-dependent interactions, as 
a starting point: 



A/(H,) = 


= AM± 


yEM _ yEM 
^ csd ^ csu 


-3 


yspin 
^ds 


yspin 
^ us 




A/(H,) = 


= AM± 


yEM _ yEM 
^ ssd ' ssu 


-3 


-irspin 
^ds ~ 


yspin 
^ us 




= 


= A/(H,)± 


yEM _ yEM 
ssd ssu 


— 


yEM 
* csd 


_yEM 
csu 



3.1 ±0.5 MeV (31) 



(32) 
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Table 7: Isospin splittings A/ used in calculating A/(Sb) = M(S^ ) — M ( 



^o\ 



Splitting 


Value (MeV) 


A/(S) 


6.85 ±0.21 


A/(S*) 


3.20 ±0.68 


A/(SJ 


3.1 ±0.5 


A/(S;) 


2.3 ±4.24 


A/(S:) 


-0.5 ±1.84 



2A/(S*) ± A/(S) 2A/(S;) ± AIjE'J + A/(SJ 
l-cj +3 4 

= 6.4 ±1.6 MeV 

We summarize the isospin splittings which have been used in these calculations in 
TableH All masses have been taken from the 2007 updated tables of the Particle Data 
Group P^, and all values of A J are defined as M (baryon with d quark) - M(baryon 
with u quark). 

7 A^ and S^ orbital excitations 

Table 8: Masses of A and H baryon ground states and orbital excitations [29] . 



A Ae 



^0 



M(l/2+) 1115.683 ±0.006 2286.46 ±0.14 2467.9 ± 0.4 2471.0 ± 0.4 
M(l/2-) 1406.5 ±4.0 2595.4 ± 0.6 2789.2 ± 3.2 2791.9 ±3.3 

M(3/2-) 1519.5 ±1.0 2628.1 ±0.6 2816.5 ± 1.2 2818.2 ± 2.1 



In the heavy quark limit, the (1/2^) and (3/2") A* and S* excitations listed in 
Table [Scan be interpreted as a P-wave isospin-0 spinless diquark coupled to the heavy 
quark. Under this assumption, the difference between the spin averaged mass of the 
A* baryons and the ground state A is only the orbital excitation energy of the diquark. 

2A* + A* 
AEl{A) = — ^^ ^— - A = 366.15 ± 1.49 MeV 

2A* ± A* 
AEl{Ac) = ^ — ^ii^ - Ae = 330.74 ± 0.47 MeV (33) 

AEr(Er)= "^[3/2] ^^[1/2] _ g ^ 339.11 ±1.11 MeV 



The spin-orbit splitting seems to behave like l/rriQ: 

A[3/2] - Afi/2] = 113.0 ±4.1 MeV 
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A* A* 

■='*[3/2] - -c[l/2] 



32.7 ±0.8 MeV 
26.9 ± 2.6 MeV 



(34) 



where the S^ entries are isospin averages. 

The orbital excitation energies in Eq. fl33|) may be extrapolated to the case of 
excited A^ baryons in the following manner. Energy spacings in a power-law potential 
V{r) ~ r'^ behave with reduced mass /i as AE ~ /i^, where p = —iy/{2 + u) ^U\. For 
light quarks in the confinement regime, one expects u = 1 and p = —1/3, while for the 
cc and bb quarkonium states, with nearly equal level spacings, an effective power is 
z/ ~ and p ~ 0. One should thus expect orbital excitations to scale with some power 
— 1/3 < p < 0. One can narrow this range by comparing the A and Ac excitation 
energies and estimating p with the help of reduced masses /i for the A and A^. 



(x{Ac) _ M[ud] mc M[ud] + m^ _ M(A) m^ 
/^(A) ~ M[ud] + rUc M[ud] m, ~ M(Ac) m. 



1.55 



(35) 



Now we use the ratio AEl{Ac) / AEl{A) = 0.903 ±0.004 to extract an effective power 
p = —0.23 ± 0.01 which will be used to extrapolate to the Af, system: 



AE^iAb 



AEl{A, 



[4Jh 
,/i(Ac 



AEi(Ae) 



M(Ac) nib 
M(Ab) m. 



AEl{A, 



M(A,)[M(A,)-M(A)±m, 
M(A,)[M(Ac)-M(A)±m, 



(36) 



AEl{A, 



M(A) - nis 
M(A,) 

M(A) - rus 
M(Ae) 



317 ±1 MeV 



where the last form of the expression shows the explicit dependence of the result 
on rris. Using the value M{Ab) = (5619.7 ± 1.2 ± 1.2) MeV observed by the CDF 
Collaboration [1], and rescaling the fine-structure splittings of Eq. (IMl) by l/mq with 
mb/rric = 2.95 ± 0.06, we find 



M(A,*| 



fe[3/2]y 



M{Al 



b[l/2], 



rrir 



nib 



(M(A:[3/2]) - M(A:[,/2])) = (11.1 ± 0.4) MeV , (37) 

(38) 



A^(A^[i/2]) = (5929 ± 2) MeV , M(A^[3/2]) = (5940 ± 2) MeV . 
The observed values of the S^ masses [2] , 

M(Sfe-) = 5815.2±1.0(stat.) ± 1.7(syst.) MeV 
M(S^) = 5807.8^2:° (stat.)±1.7(syst.) MeV 



(39) 
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are sufficiently close to the predicted values of ^(A^;^/2^3/2]^ 
^Mi/2 3/21 ~^ ^f'^^ ^^6 forbidden. The A^-^ /2 3/21 should decay di: 



A similar calculation may be performed for the orbitally-excited Sh states. Here, 
to a good approximation, one may regard the [sd] diquark in S^ or the [su] diquark 
in 2° as having spin zero, so that methods similar to those applied for excited A^ 
states should be satisfactory. We find 



AEl(E,) = AEl(E,) 



/i(Hc 



AEl(E,) 



M(S,) mb 



(322 ± 2) MeV . (40) 



Now we use the observed S^ mass p^ M{Ef^ 



-- (5792.9 ± 2.5 ± 1.7) MeV and our 
estimate of isospin splitting M(S^) — M(S°) = 6.4 ± 1.6 MeV to predict the isospin- 
averaged value M(Sb) = 5790 ± 3 MeV. We then rescale the fine-structure splitting 
and find 



-6[3/2] -b[l/2] 



l-c[3/2] 



=[1/2] 



(9.1 ±0.9) MeV 



(41) 



nib 

M(S,*fi/2]) = (6106 ± 4) MeV , M(S*[3/2]) = (6115 ± 4) MeV . (42) 

The lower state decays to SbTr via an S-wave, while the higher state decays to SftTr 
via a D-wave, and hence should be narrower. Decays to S^vr and S^vr also appear to 
be just barely allowed, given the values of M(S'f,, S^) predicted here. 



8 Q5 mass prediction 

Taking the approach implemented in Sec. 3 for the prediction of the S(, mass, the spin 
averaged mass of ^2^ can be obtained by extrapolation from available data for VL^ and 
a correction based on strange meson masses, as listed in Table O 

2M{Vtl) + M{VLb) 2M{ni) + M{n, 



M(a) 



+ {rrib 



TTlr 



' Bs-Ds 



(43) 



2M{Vtl) + M(OJ 3M(S;) + M{B,) 3M{D*) + M{D,) 



+ 



= 6068.9 ± 2.4 MeV 

where M{X) denotes the spin-averaged mass that cancels out the hyperfine interac- 
tion between the heavy quark and the diquark containing lighter quarks. 



The HF splitting can be estimated as follows: 



M{ni) - M^Qb 



(M(fi:)-M(fi,)) 



rrir 



nib 



(24.0 ± 0.7) MeV 



(44) 



where we have used the experimental mass difference [3T] M[Q*) — M{Qc) = 
(70.8 ± 1.0 ± 1.1) MeV = (70.8 ± 1.5) MeV with nib/m^ taken to be 2.95 ± 0.06, 
as discussed in the Appendix. This gives the following mass predictions: 



Ql = (6076.9 ± 2.4) MeV; Qy, = (6052.9 ± 2.4) MeV . 



(45) 
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Table 9: Hadron masses used in the calculation of the Qb niass prediction 



Splitting 


Value (MeV) 


M(fiJ 


2697.5 ±2.6 


Mm 


2768.3 ±3.0 


MiSll) - M(fie) 


70.8 ±1.5 


M{Ds) 


1968.49 ± 0.34 


M{Dt) 


2112.3 ±0.5 


M{B,) 


5366.1 ±0.6 


M{B:) 


5412.0 ±1.2 


M{B:) - M{Bs) 


45.9 ±1.2 


Mi'E.l) 


2471.0 ±0.4 


M(s,-) 


5792.9 ±3.0 



Taking into account the wavefunction correction as described in p^, one must add 
the following correction to the spin averaged mass: 



{5{rss))n, {5{r,,))n, 



mt 



mt 



Mrss))i 



mt 



(50 ±10) 






1 



1 



(2.0 ±1.1) MeV(46) 



where the contact probability ratio was computed using variational methods 

^^^^^ = 1.04 ±0.02, (47) 

and we used the following calculation to evaluate the strength of the ss HF interaction: 
50 MeV ^ M(fi)±i(2M(S*)±M(H;)±M(Se)) 

-i(2M(S*) ± M(S)) - ^{2M{n:) + M^) = 

= 3ms + 3v — ] + [mu + ms + mc] 



mt 



- 1 2ms + mu + v 
(Sirss)) 



{Sirss)W 



2ms + f^c ± V 



(Sirss))^ 



mt 



mt 



mt 



(48) 



An alternate derivation of the ^5 mass from the S^ — Sc mass difference 

Thanks to new measurements of the S^ mass P^ [T3] , we now have another way to 
estimate the spin-averaged fife mass. Following the approach in previous sections, the 
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S^ — H° mass difference can be schematically written as 
M(S^) — M(S[?) = [mfy — rric) + (wavefunction correction) + (EM correction) 

= K-mJ + (-4±4)MeV + (Hf/ - Kf/) 

(49) 
where the value of the wave function correction is calculated as described in Sec. 3, 
and the last term denotes the EM interactions of the relevant quarks. 
Similarly, the spin-averaged Qb — ^c niass difference can be written as 

M{Qh) ~ M{Qc) = {iTT-b ~ iTT-c) + (wavefunction correction) + (EM correction) 
= (mb-m,) + (2.0±l.l)MeV + (^ff - Ki'') 

(50) 
where the wave-function correction is given in Eq. fH^ . 

Since the b and s quarks have the same charge, the EM contribution l^f/^ — V^^^ 
to the fib — fie mass difference is almost the same as the EM contribution V^fj^ ^ — V^f^ 
to the S^ — S° mass difference, modulo a negligible correction from the change in the 
mean radius of the relevant baryons. We then immediately obtain 

M{nb) - M(fie) = M(H^) - M(S°) + (6.0 ± 4.1) MeV (51) 

which leads to 

Miftb) = 6072.6 ± 5.6 MeV (52) 

to be compared with M(llfc) = 6070.9 ± 2.7 MeV from Eqs. (03]) and 



The consistency of these two estimates, based on different experimental inputs, 
is a strong indication that both the central values and the error estimates are reli- 
able. Moreover, the estimate in Eq. (!52|) includes EM corrections, while the estimate 
Eqs. (H3|) does not, thus indicating that the EM corrections are likely to be smaller 
than our error estimate. Consequently, in the following we use the estimate (1521) . 

Wave function correction to the hyperfine splitting 

We must also compute the correction to the HP splitting 

M{Ql)-M{Qb) = (M(f]:)-M(fie)) — 7§^m^ = 30.7 ±1.3 MeV (53) 

where we used 

ffi^^ll"" =1.28 ±0.04, (54) 

leading to the following predictions: 

fife = 6082.8 ± 5.6 MeV; fib = 6052.1 ± 5.6 MeV (55) 
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An alternative derivation of HF splitting from effective supersymmetry 

An alternative approach to estimate the HF splitting is to use the effective meson- 
baryon supersymmetry discussed in [8] and apply it to the case of hadrons related by 
changing a strange antiquark s to a doubly strange ss diquark coupled to spin S = 1: 

M{ni)-M{nb) M(n*)-M(nj M{E*)-M{E) 



This gives 



M{B*)-M{Bs) M{D*)-M{Ds) M{K*)-M{K) , . 

(56) 

Ri 0.49 ±0.01 ^ 0.54 

ni~nb = {b; - 5,)(o.52 ± 0.02) = 23.9 ± 1.1 Mev (57) 

n; = 6080.6 ± 5.6 MeV; fib = 6056.7 ± 5.6 MeV . (58) 



9 Comparisons with other approaches 

We begin by comparing M(S^) -M(Sb) = 20.0 ±0.3 MeV as predicted in Sec. 2 with 
other predictions and data. The first of Refs. |4j finds M(S^) - Af (S^) = 23.8 MeV, 
the second finds 15.8 MeV, Ref. [6J finds 29 MeV, and Ref. [9] finds 26 ± 1 MeV. The 
experimental value is 21.21?;^ MeV [2j. A recent analysis plj uses M(S^) - M(Sfe) 
as an input to a sum rule 

M(S^) - M(Sb) - 2[M{El) - M{Eb)] + M(fi^) - Mi^b) = ±0.28 MeV . (59) 

Our predictions entail a value of — 7± 12 MeV for the right hand side. The deviation 
between these two predictions is significant because they arise from a difference in 
the sign between the SU(3) breaking contributions. 
The sign in our prediction 

M(S^) - Mi^b) < M{ni) - M{nb) (60) 

appears to be counterintuitive, since the color hyperfine interaction is inversely pro- 
portional to the quark mass. The expectation value of the interaction with the same 
wave function for Hb and Qb violates our inequality. When wave function effects are 
included, the inequality is still violated if the potential is linear, but is satisfied in 
predictions which use the Cornell potential [TSj . 

This reversed inequality is not predicted by other recent approaches [HI [THl [H] 
which all predict an Qb splitting smaller than a S^ splitting. 

However the reversed inequality is also seen in the corresponding charm experi- 
mental data, 

M(S*)-M(SJ < M(fi*)-M(fiJ 
64.3 ± 0.5MeV 70.8 ± 1.5MeV 

(61) 
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This suggests that the sign of the 5*^7(3) symmetry breaking gives information 
about the form of the potential. It is of interest to follow this clue theoretically and 
experimentally. 

We compare our results with some other recent approaches [6l |TOl [11] and with 
data in Table [TOl The results of Ref. [9], based on Heavy Quark Effective Theory and 
QCD sum rules, typically carry ±80 MeV errors so we omit them here. We also take 
note of a very recent set of predictions which differ substantially from those in Table 
[To] |32j . The main difference between our predictions for S;, and Qb states and other 
recent ones [6l [9l [TOl [11] is the use of masses of hadrons containing strange quarks to 
obtain the quark mass difference rub — rric. We also take into account wave function 
corrections, particularly important for the hyperfine splitting between Ql and Qb- 

10 Summary 

We have predicted the masses of several baryons containing b quarks, using descrip- 
tions of the color hyperfine interaction which have proved successful for earlier pre- 
dictions. Correcting for wave function effects, we have shown that predictions for 
M{Eb) based on the masses of Sc, S'^, and S* lie in the range of 5790 to 5800 MeV, 
depending on how nib — ""^c is estimated. Wave function differences tend to affect 
these predictions by only a few MeV. The spin-averaged mass of the states S^ and S^ 
is predicted to lie around 150 to 160 MeV above M(Hb), while the hyperfine splitting 
between S'f, and S^ is predicted to lie in the rough range of 20 to 30 MeV. 

We have evaluated the isospin splitting of the Eb states and find AI(Eb) = 
M(S^) — M (S°) = 6.24 ± 0.21 MeV on the basis of an extrapolation from the H 
and H* states. This value is consistent with one which includes information from the 
H, states, AI{Eb) = 6.4 ± 1.6 MeV. 

We predict M(f]fe) = 6052.1 ± 5.6 MeV and M(fi*) = 6082.8 ± 5.6 MeV. These 
values differ from some others which have appeared in recent literature because we 
use hadrons containing strange quarks to evaluate the effective b — c mass difference, 
include electromagnetic contributions, and employ different hyperfine splittings. 

We have also evaluated the orbital excitation energy for A^ and S^, states in which 
the light diquark [ud or us) remains in a state of L = S* = 0. Precise predictions have 
been given for the masses of the states A^^^ ^ 3/21 ^^^ '^b\i/2 3/21 • 

We look forward to tests of some of the predictions summarized in Table [10] in 
experiments at the Fermilab Tevatron and the CERN Large Hadron Collider. 
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Table 10: Comparison of predictions for b baryons with those of some other recent 
approaches [6l[T0l[Tl] and with experiment. Masses quoted are isospin averages unless 
otherwise noted. Our predictions are those based on the Cornell potential. 









Value in MeV 




Quantity 


Refs. [S 


Ref. [10 


Ref. llj 


This work 


Experiment 


M(A,) 


5622 


5612 


Input 


Input 


5619.7±1.7 


M(S,) 


5805 


5833 


Input 


- 


5811. 5±2 


M(S*) 


5834 


5858 


Input 


- 


5832.7±2 


M(E,*) - M(S,) 


29 


25 


Input 


20.0±0.3 


21.211? 


M(S,) 


5812 


5806^^ 


Input 


5790-5800 


5792.9±3.0'' 


M(S'J 


5937 


5970'^ 


5929.7±4.4 


5930±5 


- 


AM{E''Y 


- 


- 


- 


6.4±1.6 


- 


M{El) 


5963 


5980'^ 


5950.3±4.2 


5959±4 


- 


Mm - M(S^) 


26 


10" 


20.6±1.9 


29±6 


- 


M(a) 


6065 


6081 


6039.1±8.3 


6052.1±5.6 


- 


Mint) 


6088 


6102 


6058.9±8.1 


6082.8±5.6 


- 


M{ni) - M{n,) 


23 


21 


19.8±3.1 


30.7±1.3 


- 


M{K[m) 


5930 


5939 


- 


5929 ± 2 


- 


M{Km{) 


5947 


5941 


- 


5940 ± 2 


- 


^(2,V/2]) 


6119 


6090 


- 


6106 ± 4 


- 


M{^l[j,/2\) 


6130 


6093 


- 


6115 ±4 


- 



'* Value with configuration mixing taken into account; slightly higher without mixing 

''CDF pL3| value of M(S^). 

'^M(state with d quark) - M(state with u quark). 
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